Abstract. The article presents the results of computer simulation of temperature field of transformer filled with mineral oil and alternatives insulating liquids which include synthetic and natural esters. The analysis was based on the results of computer simulation of temperature field of 10 MVA distribution transformer, using the program COMSOL Multiphysics.
Introduction
Mineral oil is one of the most commonly used insulating liquid [1] . It is used in many electrical equipment, such as power transformers. The universality of application of mineral oil results from its many positive qualities and its very good recognition over the years. However, at the end of XX century, people began to use alternative insulating liquids. Restrictive requirements for safety of electrical power equipment and environmental protection were the main reason of the use of the alternative liquids.
In the late XIX century, the idea of the use of alternative liquids in the electrical power devices was founded. At that time vegetable oils, which now are called natural esters, were used as an insulating liquid in transformers.
Long term of the use of mineral oils in electrical power equipment caused the improve of them production and treatment. Satisfied identification of their properties is main reason of their application as insulating liquids in power industry. Improving manufacturing processes and treatment of mineral oils have contributed to a significant reduction of their prices, which is one of the important criteria taken into consideration by potential users of transformers. Furthermore, affordable price means that mineral oils are still the most commonly used insulation liquids, even if alternative liquids are characterized by significantly better environmental and fire properties.
Currently, natural and synthetic esters are considered as alternatives to mineral oil [2] [3] [4] [5] [6] [7] . These liquids have a number of features that are recognized for their benefits, comparing to mineral oil. These characteristics are primarily ecological properties such as biodegradability and non-toxicity, and properties conditioning operational safety which include high flash and fire point and low calorific value [2, 8, 9] . For this reason, when fire safety and environment protection play a key role, the use of transformers filled esters is justified solution.
This applies above all electrical power equipment used in built-up areas and densely populated areas. Furthermore, companies engaged in the insuring network assets, including power transformers, are becoming increasingly aware of the fire risk associated with the use of electrical equipment insulating liquid characterized by low values of fire and flash point, which speaks in favour of esters.
On the basis of information presented above, it can be concluded that the esters, unlike mineral oil, are characterized by several positive environmental and fire properties, so that more and more willing they are used in electrical equipment, including transformers. One of the basic functions of insulating liquid is heat transport, that is generated mainly by the winding and the core [2, [10] [11] [12] [13] . Cooling effectiveness of transformer depends on properties of used liquid, because the liquid fills significant space of the transformers [14] [15] [16] . Therefore, this paper presents a comparative analysis of the temperature field of 10 MVA transformers filled with mineral oil and esters (synthetic and natural). Figure 1 shows the scheme of 10 MVA distribution transformer, which was used in computer simulation of temperature field. The transformer used ON-AN cooling type -active parts of the transformer: oil-cooled (natural flow), and the tank: air-cooled (natural convection and radiation). Furthermore, the transformer has a 11-step adjustment of the upper voltage winding in the range of +/-16% of the rated voltage. Cooling system of the transformer is aided by ten B-520FL radiators, of which the manufacture deep-drawn sheet metal were used. Each of the radiators is equipped with four ribs with a height of 1.4 m and eleven ribs with a height of 1.6 m. Simplified construction and the small number of radiators in the presented transformer helped to significantly reduce the time of computer simulation.
Research object

Computational model
The analysis temperature field distribution can be made using following models: analytical models, numerical models, and real models. The paper presents the results of analysis of numerical models. Computational model was created ( fig. 2 ) on the basis of object presented in chapter 2, which was a 10 MVA distribution transformer, using COMSOL Multiphysics software. The geometry of the model was simplified because the real object has a number of structural elements (e.g. conservator, bushings, control cabinet), which do not affect its thermal efficiency [17] . Table 1 shows main parameters of used model. figure 2 computational model consists of tank, lower and upper voltage winding, regulating winding and radiators. Therefore, the transformer design is symmetrical and has a symmetrical spacing of radiators along the axis. So, it was decided to modelling only a quarter of the transformer. Authors resigned from the modelling stamping ribs radiators. Mesh model was built with tetragonal and pyramidal elements, whose number does not exceed 13 million. It allowed to achieve appropriate accuracy of the obtained results, which was 0.01%, and significantly reduce simulation time.
During computer simulation of insulating liquids, material parameters corresponding to the mineral oil, natural and synthetic esters were adopted. This means that in the case of mineral oil the value of heat transfer factor  equal to 125. 
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Heat transfer factor  is the key parameter, which describes the ability of liquid to transfer of the heat. The factor  considers many thermal properties, such as thermal conductivity, specific heat, viscosity, density and kinematic extension factor. All mentioned parameters have significant influence on heat transfer by the liquids.
The boundary conditions were used in the last step of the calculation. It means that ambient temperature and heat transfer factor α are known. It was assumed that the losses in the core and windings are heat sources. The values of these losses were determined in the result of the short-circuit attempt on presented research model, and then implemented in analysed computational model. The value of the losses was 64 kW. Moreover, according to the standard [18] it has been adopted that the ambient temperature is 20C, and atmospheric pressure is 1 atm.
In order to determine the distribution of temperature field in the transformer in COMSOL Multiphysics, Heat Transfer module was used. The module considers thermal properties of analysed liquids and type of flow. This module considers temperature dependence of thermal properties such as thermal conductivity, viscosity, density and specific heat, which determine the heat transfer in liquids. Therefore, authors have presented the results of research on the thermal properties of the insulating liquids in previous publications, presented research results were used in the simulations [19] [20] [21] [22] .
In order to receive the dependence of time, simulations were conducted in non-stationary mode. Steady state was reached after about 14 hours for all analysed cases. During the heating trials carried out on the presented research model after about 10 hours steady state was reached. The differences in the two times result from two reasons. First one is related to the fact that in the case of the real object, in order to faster obtaining steady state under heating test voltage is initially greater than rated voltage, thereby shortening the duration of the test. On the other hand, in the case of the computer simulation, the use of the function corresponding to a gradual increase in power windings and core leads to lengthening its duration.
Simulation results
On the basis of presented research, object and computational model simulations of the distribution of temperature field in 10 MVA distribution transformer filled with mineral oil, synthetic ester and natural ester were carried out. Figure 3 shows the distribution of temperature field in model of a 10 MVA distribution transformer filled with one of analysed liquid -mineral oil. Figure 4 shows the temperature distributions in the transformer, on the section of the windings to the inner surface of the tank in the case of three types of insulating liquids. After reaching the steady state of the heat flow maximum temperature in the case of mineral oil equals 65.2C, natural ester 66.3C and synthetic ester 66.5C. As we can see, the temperature of the liquids in the case of natural ester is 1.1C, and in the case of synthetic ester 1.3C greater than mineral oil temperature. Taking into the consideration of the 5 degrees Clark right, which says that the temperature drop or rise of 5C will result in accordingly twice lengthening or shortening life of the transformer insulation paper, these differences are important. This means that the use of natural or synthetic ester as an insulating liquid in transformer will raise the temperature. Consequently, it will contribute to shorten the life of the transformer. 
Conclusions
On the basis of received results, we can say that the temperature of the transformer filled with esters is more than 1C higher than the temperature of the transformer filled with mineral oil. In the case of transformer filled with synthetic or natural ester, higher temperature is caused by three times higher viscosity of natural and synthetic esters in relation to the mineral oil. Also, higher temperature will influence negatively the operation of transformers filled esters.
In the case of power transformers (e.g. 160 MVA) temperature increase in transformers filled with esters can be even greater as compared to the temperature of the transformer filled with mineral oil. Therefore, in order to use synthetic or natural ester, it should be considered the changing the geometry of the transformer (increasing its size), the reduce of load or the modification of cooling system.
